Abstract In autosomal dominant polycystic kidney disease (ADPKD), renal cyst development and enlargement, as well as cell growth, are associated with alterations in several pathways, including cAMP and activator protein 1 (AP1) signalling. However, the precise mechanism by which these molecules stimulate cell proliferation is not yet fully understood. We now show by microarray analysis, luciferase assay, mutagenesis, and chromatin immunoprecipitation that CREB and AP1 contribute to increased expression of the amphiregulin gene, which codifies for an epidermal growth factor-like peptide, in ADPKD cystic cells, thereby promoting their cell growth. Increased amphiregulin (AR) expression was associated with abnormal cell proliferation in both PKD1-depleted and -mutated epithelial cells, as well as primary cystic cell lines isolated from ADPKD kidney tissues. Consistently, normal AR expression and proliferation were re-established in cystic cells by the expression of a mouse full-length PC1. Finally, we show that anti-AR antibodies and inhibitors of AP1 are able to reduce cell proliferation in cystic cells by reducing AR expression and EGFR activity. AR can therefore be considered as one of the key activators of the growth of human ADPKD cystic cells and thus a new potential therapeutic target.
Introduction
Autosomal dominant polycystic kidney disease (ADPKD) is a common renal disease caused by mutation of PKD1 or PKD2 gene [1] . PKD1 and PKD2 encode for polycystin-1 (PC1) and polycystin-2, respectively [2] which, independently or interacting as a complex, possess regulatory functions in the regulation of cell differentiation and proliferation [1] . In particular, mutated polycystins alter pathways featuring important players in the control of epithelial cell proliferation, such as adenosine 3′,5′-cyclic monophosphate (cAMP), the mammalian target of rapamycin (m-Tor), and the epidermal growth factor receptor (EGFR) [1] , thereby leading to increased cell proliferation and ultimately causing development and enlargement of renal cysts.
Increased cAMP levels stimulate trans-epithelial chloride and fluid secretion and promote proliferation of human cyst epithelial cells [3] . Consistently, treatment with molecules able to reduce cAMP levels causes a reduction of cell proliferation in PKD1-mutated cystic cells [4] . In addition, abnormal expression of epidermal growth factor (EGF) and EGFR has been demonstrated in both autosomal-recessive and autosomal-dominant PKD [5, 6] . Furthermore, multiple EGF-related growth factors, including amphiregulin (AR) and heparin-binding EGF, are abnormally expressed in murine ARPKD supporting a role of these molecules in the pathogenesis of cystic kidney disease [5] . Nevertheless, the specific pathway by which PKD1 mutation leads to increased expression of EGF-like peptides in ADPKD kidney cells has not yet been elucidated.
Here, we show mechanisms that lead from PC1 depletion to increased transcription of the gene for AR, an EGF-like peptide that promotes the growth of most normal and transformed epithelial cells [7] . AR promoter hyperactivity in PC1-mutated cells results from the activation of cAMP response element-binding transcription factor (CREB) and activator protein 1 (AP1). Finally, we show the inhibitory effects of anti-AR antibodies and inhibitors of AP1 on cell proliferation of cystic cells, indicating AR as one of the key activators of ADPKD cystic cell proliferation.
Material and methods

Reagents
Protease inhibitors, Cl-IB-MECA, curcumin, and all material for cell culture were purchased from Sigma, Italy. Rabbit polyclonal anti-β-actin, anti-PC1 (7E12), anti-Ha, anti-c-jun, anti-calnexin, and monoclonal anti-AR antibodies were from Santa Cruz, Italy. Anti-AR polyclonal antibody was from Abcam (Cambridge, UK). Anti-EGFR, anti-pEGFR, anti-CREB, and anti-pCREB antibodies were from Cell Signaling Technology (Euroclone, Italy). Enhanced chemiluminescent substrates for Western blotting (SuperSignalDura or SuperSignalFemto) and HRP-conjugated goat anti-rabbit and antimouse antibodies were from Pierce (Euroclone, Italy).
Cell lines and tissues
HEK293 cells expressing PKD1 siRNA were generated in our laboratory [8] . Human kidney cell lines, one derived from a normal (4/5) and two from a cystic kidney (9.7 and 9.12) carrying the Q2556X PKD1 mutation were generated by others [9] , as well as the homozygous (Pkd1 −/− ) and heterozygous (Pkd1 +/− ) Pkd1-gene-deleted mouse cell lines [10] . Kidney samples were obtained from two non-ADPKD adult kidneys with normal histology and from the kidneys of four ADPKD patients, respectively. These presented typical clinical manifestations and end-stage renal disease [4] . The study protocol was in line with the 1975 Declaration of Helsinki. Primary cell cultures were produced according to published protocols [11, 12] .
RT-PCR analysis and mutagenesis RNA was reverted with the ImProm-II Reverse Transcriptase (Promega, Italy) with random primers. Amphiregulin and β-actin were co-amplified with Dream Taq polymerase (Fermentas, Italy) with AR specific primers (F5′AGAGTT GAACAGGTAGTTAAGCCCC3′; R5′ GTCGAAGTTT CTTTCGTTCCTCAG3′) [13] and β-actin primers (Sigma, Italy). 1μL of cDNA mixture was amplified by an initial incubation at 94°C for 4 min followed by 28 cycles of 94°C for 30 s, 54°C for 30 s, 72°C for 50 s, and a final extension at 72°C for 4 min. Reverse transcription polymerase chain reaction (RT-PCR) values were calculated as the ratio between AR and β-actin band intensities. Quantitative real-time RT-PCR was performed by TaqMan protocol (Applied Biosystems, Italy) as described in Electronic supplementary material.
Mutagenesis of AR promoter was performed by PCR using AR-pGL2C plasmid [14] through primers ARpGL2C-mutF (5′ CCGGGCTCGAGTAAACGTCA TGGGCT3′ and AR-pGL2C-mutR (5′AGCCCATGA CGTTTACTCGAGCCCGG3′) mutated on CRE consensus site. The inserted bases (underlined) are located at the beginning of CRE, -274 and -273 nt from the AR translation start site [15] . AR-pGL2-C plasmid was amplified with pGL2F (5′TACTAACATACGCTCTCCATC3′) and ARpGL2C-mutR and with AR-pGL2C-mutF and pGL2R (5′ ATATGTGCATCTGTAAAAGC3′). pGL2F and pGL2R were located upstream and downstream of insertion site of the AR promoter in the pGL2-C vector. Amplicons were purified by PCR Clean-Up System (Promega Italy), then diluted to 1:100, and then re-amplified, using pGL2F and pGL2R primers to reconstruct the AR promoter with the inserted mutations. The purified PCR product was digested and re-cloned in pGL2-C. Correct base substitutions were confirmed by sequencing (ABI Prism 3100 sequencer, Applied Biosystems, Italy).
Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) analysis was performed following published protocols [16] . Cells were transfected overnight with AR-PGL2C, AR-PGL2C-ΔCRE, and AR-pGL2C-mut plasmids using TurboFect in vitro Transfection Reagent (Fermentas, Italy). After cross-linking, cells were resuspended in sodium dodecyl sulfate (SDS) lysis buffer, and 100 μL of each sample were pre-cleared with 60 μL of protein A-agarose beads. The 10 μL amount was removed from the supernatant (input), and the remainder was used directly for overnight immunoprecipitation with 2 μg of Changes in expression of genes involved in cell growth and related to/dependent from PKD1 were analyzed in silenced HEK293 pSsiPKD1a1 as compared with wild-type HEK293 pS cells [8] . Variations in gene expression are indicated as fold change. Data were obtained by analysis of gene expression profiles using Affymetrix microarray chip containing until 38500 human genes anti-c-jun and anti-calnexin (irrelevant antibody). After incubation with protein A-agarose beads, immunocomplexes were collected and washed. Input and immunoprecipitated plasmids were eluted, and cross-linking reactions were reversed by incubation at 65°C. Finally, samples were digested with proteinase K, and plasmid DNA was purified by PCR Clean-Up System. PCR analysis of input (positive control) and immunoprecipitated plasmids was performed (25 cycles) with pGL2F and pGL2R primers.
AR gene silencing and proliferation assays AR gene was silenced using a primer cocktail (ON-TARGETplus SMARTpool siRNA) according to the manufacturer's protocol (Dharmacon, Italy). AR siRNA specific and scramble sequences were diluted to a final concentration of 10 nM and used for 48 h cell transfection.
For cell counting, cells (25,000 cells/ml) were plated overnight in 24-well plates in 10% fetal bovine serum (FBS)-supplemented medium, starved for 24 h in Dulbecco's modified Eagle's medium (DMEM) with 0.4% bovine serum albumin (BSA), and cultured for further 24 h in DMEM containing 1% FBS and different substances, as indicated. Cell proliferation was calculated by direct cell counting (Burker chamber) after trypan blue staining [4, 8] .
Western blotting
Disrupted tissues and cultured cells were lysed in a 1% Triton X-100 solution containing a cocktail of protease inhibitors and processed for immunoblots as described [17] . Total proteins (25 μg) were electrophoresed in 10% SDS-polyacrylamide gel and blotted to PVDF (for AR blotting) and nitrocellulose filters for other proteins (Euroclone, Italy). Blocked membranes were probed overnight at 4°C with the primary antibody and then for 2 h with the secondary antibody. Finally, proteins were visualized using the chemiluminescence system. Band intensity was detected by X-ray film scanning with the Model GS-700 Imaging Densitometer (BIO-RAD, Italy). Quantitative phosphorylation and protein levels were calculated as the ratio between phosphorylated and un-phosphorylated protein and between protein and β-actin, respectively [4] .
Luciferase assay
After 24 h of culture in six-well plates, cells were transiently cotransfected with 6 μg of promoter construct and 3 μg of β-galactosidase plasmid. CRE-Luc and 7x-AP1-Luc plasmids contain binding elements for CREB and AP1, respectively [18, 19] . Six hours post-transfection, cells were incubated for an additional 20 h in medium-0.4% BSA (serum free) or 1% FBS. After cell lysis, luciferase activity was analyzed following the Promega protocol with 20/20 n luminometer (Turner Biosystems, USA). Data were expressed as relative firefly luciferase units normalized for the β-galactosidase units and as n-fold change with respect to control cells [4] .
Statistical analysis
Analysis of data was performed using Student's t test (unpaired analysis). Differences were considered significant at a value of p<0.05. All data are reported as mean±SD of at least three independent experiments. To identify genes that may contribute to ADPKD, we performed a high-density oligonucleotide microarray analysis, comparing the gene expression pattern of wild-type HEK293 cells with those depleted in PC1 protein by siRNA silencing [8] . Our study revealed an altered gene expression profile in many genes related to/dependent from PKD1 and involved in cell growth, including AR, FGF1, HGF, and CREB. In particular, we discovered that the AR gene was upregulated more than ninefold in PC1-depleted HEK293 cells, as compared with wild-type cells (Table 1) . Consistently, RT-PCR analysis of AR mRNA showed an increased expression of the AR gene in PC1-depleted cells (Fig. 1a) . Similar results were observed in 9.7 and 9.12 PKD1-mutated kidney cystic cells, which showed higher AR expression at both mRNA and protein levels with respect to 4/5 normal kidney cells (Fig. 1b) . Increased AR mRNA levels were also observed in kidney tissues (Fig. 1c, d ) and in primary cystic cultures (Fig. 1e, f) of various ADPKD patients, as compared with healthy controls. These data were confirmed also by immunohistochemistry in further cystic tissues. This analysis showed a marked ARpositive staining confined to epithelial cells of early tubular and enlarged cysts of ADPKD samples (Fig. 1g) . Furthermore, immunofluorescence showed a more marked and punctuated detection of AR in 9.7 and 9.12 cystic cells as compared with 4/5 control cells (Fig. 1h) . Upregulation of AR gene appears, therefore, to be a typical feature of both cystic cells and tissues in ADPKD.
Increased AR promoter activity is CREB-dependent in PKD1-mutated cells
Since the presence of a CREB consensus site has been identified in AR promoter [14] and the response to cAMP is known to be involved in ADPKD cyst development [3, 4] , we investigated the possible role of CREB, a downstream effector of cAMP, on AR expression in ADPKD cystic cells and tissues. We observed a significant increase in CREB phosphorylation in both 9.7 and 9.12 cystic cells and ADPKD tissues, as compared with normal 4/5 cells and tissues, respectively (Fig. 2a, b) . At a functional level, increased CREB activity was confirmed by transfection of renal cells with a CREBresponsive luciferase reporter plasmid. Luciferase activity was increased roughly 16-fold in cystic, with respect to control, cells (Fig. 2c) . Hence, it is feasible that abnormally increased CREB activity is implicated in increased AR expression in cystic cells.
To confirm the role of CREB in AR gene upregulation in cystic cells, we analyzed AR promoter activity using two luciferase reporter plasmids: AR-pGL2-C, containing a cAMP-responsive element (CRE), and AR-pGL2-C-ΔCRE, with a three-base deletion in the CRE sequence (inset of Fig. 2d ) of the AR promoter sequence [14] . After transfection with AR-pGL2-C plasmid, AR promoter activity was markedly increased in 9.7 and 9.12 cells, as compared with 4/5 cells (Fig. 2d ), but this increase was clearly reduced after AR-pGL2-C-ΔCRE transfection (Fig. 2e) . The reduction of AR promoter activity due to loss of CRE was also observed in homozygous and heterozygous Pkd1 knock-out mouse kidney cells (Fig. 2f) . AR gene overexpression is, therefore, modulated by CREB activation in ADPKD cells.
Consistently, treatment with Cl-IB-MECA, a specific A3 adenosine receptor agonist that reduces cAMP levels in 9.7 and 9.12 cystic cells [4] , also reduced AR promoter activity in AR-pGL2C-transfected cystic cells (Fig. 3a) . However, reduction of AR promoter activity by Cl-IB-MECA was not observed in cells transfected with ARpGL2-C-ΔCRE, which lacks CRE (Fig. 3b) . Notably, Cl-IB-MECA also significantly decreased endogenous AR protein levels in 9.7 and 9.12 cystic cells (Fig. 3c) . Increased AR expression in ADPKD cystic cells is, therefore, CREBand cAMP-dependent. AP1 contributes to increased AR promoter activity in PKD1-mutated cells Despite the loss of CRE function, AR promoter activity was, on the whole, still higher in cystic than in control cells (Fig. 2e) , indicating the involvement of other factors. Hence, we analyzed the AR-pGL2-C-ΔCRE plasmid using the transcription element search system database and thereby identified a putative element for Jun (a member of the AP1 transcription factor family) overlapping the CRE sequence. We therefore analyzed the activity of AP1 in cystic and normal cells. Luciferase activity was found higher in 9.7 and 9.12 cystic cells transfected with a plasmid containing a 7× repeated AP1 element than in 4/5 control cells (Fig. 4a) . Furthermore, treatment of cells transfected with the AR-pGL2C plasmid with 20 μM curcumin, a specific AP1 inhibitor [20] , significantly decreased the AR promoter activity in cystic, with respect to control, cells (Fig. 4b) . AP1 may, therefore, contribute to the increased activity of AR promoter in cystic cells, possibly by binding to CRE.
We therefore investigated the putative AP1 binding to CRE/ΔCRE sequences in the AR promoter by mutagenesis of CRE and subsequent ChIP. Accordingly, the first two bases (TG) of the CRE sequence in the AR-pGL2C plasmid were substituted with AA (inset of Fig. 4c) . Interestingly, in 9.7 and 9.12 cells transfected with the CREB/AP1 mutated plasmid (AR-pGL2C-mut), luciferase activity was lower than in the same cells transfected with AR-pGL2-C-ΔCRE (Fig. 4c) . Moreover, ChIP analysis of cells transfected with AR-pGL2C, ARpGL2-C-ΔCRE, and AR-pGL2C-mut plasmids (inset of Fig. 4d ) and immunoprecipitated using anti-Jun antibody showed PCR fragments in cells transfected with ARpGL2C and AR-pGL2-C-ΔCRE (Fig. 4d) and none in cells transfected with AR-pGL2C-mut plasmid (Fig. 4d) . Both wild-type and CRE-deleted versions are, therefore, recognized by Jun, which thereby contributes to increased AR promoter activity in ADPKD cystic cells.
AR gene expression is modulated by PC1
Since the upregulation of amphiregulin was observed only in ADPKD cystic cells and tissues, this may be a direct effect of PKD1 gene mutation. Indeed, a significant reduction of AR promoter activity was observed in cystic cells transfected with full-length Pkd1 mouse cDNA as compared with those transfected with the empty vector (Fig. 5a) . Consistently, expression of mouse PC1 led to a considerable reduction in AR protein levels in both 9.7 and 9.12 cystic cells (Fig. 5c, d ). PC1 controls, therefore, amphiregulin gene expression.
Increased EGFR activity is associated with AR overexpression in ADPKD cystic cells Since AR growth factor, a ligand of EGFR, was overexpressed in ADPKD cells and tissues, it is conceivable that EGF receptor activation is greater in cystic than in normal cells. Accordingly, the phosphorylated form of EGFR was found to be higher in 9.7 and 9.12 than in 4/5 cells (Fig. 6a) . In addition, the AR gene silencing that was shown to cause a reduction in both AR mRNA (Electronic supplementary material Fig. 2A ) and protein levels ( Fig. 6b and Electronic supplementary material Fig. 2B ) in AR-siRNA transfected cystic cells also induced a significant reduction in EGFR phosphorylation in 9.7 and 9.12 but not in 4/5 cells (Fig. 6c) . Likewise, treatment with specific anti-AR antibodies only caused a reduction in EGFR phosphorylation in 9.7 and 9.12 cystic cells but not in 4/5 cells (Fig. 6d) . Thus, amphiregulin overexpression stimulates the activation of EGF receptor in ADPKD cystic cells.
AR upregulation contributes to increased cell growth in PKD1-mutated cystic cells
As expected, treatment with cetuximab, an EGFR-blocking antibody, reduced cell proliferation in cystic cells to a greater extent than in control cells (Fig. 7a) . Interestingly, treatment with a specific anti-AR polyclonal antibody also caused a reduction in cystic cell proliferation with respect to their untreated counterparts or those treated with an irrelevant antibody (Fig. 7b) . Comparable reductions were also obtained using a monoclonal anti-AR antibody (data not shown), which also reduced cell growth in two different human primary cystic cell cultures but not in normal cells (Fig. 7c) . Moreover, the treatment with anti-AR antibodies reduced cell proliferation in both homozygous and heterozygous mouse Pkd1 knock-out cell lines (Fig. 7d) . In addition, cell cycle analysis showed that the anti-AR treatment increased G1 phase and reduced S and G2+M phases in 9.7 and 9.12 cystic but not in normal cells (see percentage values in Fig. 7e ). These changes were also observed in anti-AR-treated mouse heterozygous Pkd1 +/− and homozygous Pkd1 −/− cells (Fig. 7e) . Consistently, 9.7 and 9.12 cystic cells treated with anti-AR antibody shoved a significant reduction of 3 H-thymidine incorporation compared with untreated cells (Fig. 7f) . The reduction in cell proliferation by anti-AR treatment was not associated to increased apoptosis (Fig. 7g) . These results are consistent with those obtained by siRNA-mediated AR gene downregulation in cystic cells (Fig. 7h) and strongly support the implication of AR in increased ADPKD cystic cell proliferation.
Interestingly, treatment with curcumin, an AP1 inhibitor, also reduced cell proliferation to a greater extent in cystic than in normal cells (Fig. 7i) . On the other hand, we have previously reported that Cl-IB-MECA, by decreasing cAMP levels [4] and probably CREB activity, reduced 9.7 and 9.12 cystic cell proliferation [4] , as well as reducing AR promoter activity (Fig. 3) . In addition, reintroduction of a functional PC1 protein to 9.7, 9.12, and 4/5 cells (Fig. 5c ) reduced cystic cell growth (Fig. 7j) , which is consistent with a reduction in AR expression (Fig. 5c, d) . Functional PC1 was shown, therefore, to be responsible for the control of cell proliferation in kidney cells by modulating AR expression via CREB and AP1 signalling.
Discussion
The present study shows that loss of PC1 expression stimulates proliferation of ADPKD cystic cells through upregulation of the AR gene. This occurs through two main signalling pathways, one driven by CREB and the second involving AP1 transcription factors. Increased AR expression potentiates the activation of EGFR, which is an important mediator of proliferative abnormalities observed in ADPKD cyst formation [21, 22] . These results are consistent with previous observations in EGF-like proteins, including AR, reported in polycystic kidneys [23] .
In particular, we provide evidence for increased expression of the AR gene at the mRNA and protein levels in ADPKD cystic cells and tissues. AR immunohistochemical detection in ADPKD tissues was in fact more marked in flattened cyst lining cells than in cubic cells of cystic tubules, while it was faint in normal kidneys (Fig. 1g) . This likely associates increased AR expression to cell dedifferentiation and cyst expansion. In addition, AR immunofluorescence in cystic PKD1-mutated cells was marked and punctuated, possibly compatible with an Fig. 2 Increased CREB activation and AR promoter activity in PKD1-mutated cells. a Western blot analysis of CREB phosphorylation in normal and ADPKD cells. Ratios between phospho-and unphospho-CREB in 9.7 and 9.12 cystic cells (1.05±0.12 and 1.63±0.08, respectively) and 4/5 control cells (0.6±0.09) are shown as mean±SD of three independent experiments, ***p<0.001 and *p<0.05. b CREB activation, calculated as described in a, in ADPKD (2.99±1.08) and normal tissues (1.55±0.31), **p<0.01. c CREB activation measured by luciferase activity using a plasmid with CREB-specific promoter sequences in 9.7 and 9.12 cystic cells and in 4/5 normal cells. Luciferase activity was higher in 9.7 and 9.12 cells (2.72±0. 23 increased turnover of vesicular AR-EGFR complex (Fig. 1h) . We also show that upregulation of the AR gene in cystic cells depends on the activation of CREB, which we found at particularly high levels in cystic cells and tissues. Interestingly, a CRE site in the AR promoter [24, 25] appears to be critical for its enhanced activity in cystic cells. This observation is supported by two findings, the first being that deletion of CRE causes a strong reduction in AR promoter activity of cystic cells. This reduction was also shown in mouse Pkd1 (−/−) null cells, as well as in Pkd1 (+/−) heterozygous cells which are likely PKD1 haploinsufficient. The second point is that cAMP reduction in cystic cells caused by Cl-IB-MECA [4] induces a decrease in AR protein levels and in AR promoter activity when CRE is present but not when it is deleted. This is significant because, although the elevation of cAMP signalling is well-known in ADPKD [26] and cAMP-dependent activation of the AR promoter has been reported in other cell types [24, 27] , this is the first time that an association between cAMP levels, CREB activation, and AR expression in cystic cells has been reported.
As the activity of the AR promoter is still high in cystic cells after the CRE deletion, other promoting factors are implicated in binding to the CRE region. Indeed, we showed that AP1, whose binding site overlaps with CRE and ΔCRE sequences, contributes to the increased activity of AR promoter in cystic cells; AP1 activity is indeed increased in cystic cells, and consistently, curcumin, an AP1 inhibitor, strongly reduces the activity of their AR promoter. Furthermore, the mutation of CRE and the AP1-like consensus site in these cells reduces AR promoter activity more than the loss of CRE in the ΔCRE sequence, which still maintains the AP1 binding site. Moreover, we showed that AP1 may bind to CRE and ΔCRE sequences through the fact that Jun, a component of AP1, was able to bind both sequences, but not the mutated CRE/AP1 site (Fig. 4d) . This is in line with previous observations showing that Jun is able to recognize CRE sequences [28, 29] , as homodimer Jun/Jun or heterodimer Jun/ATF2, and that AP1 and Fig. 3 Cl-IB-MECA treatment caused a reduction in both AR promoter activity and AR protein levels in ADPKD cystic cells. a 9.7 and 9.12 cells treated for 24 h with 100 nM Cl-IB-MECA showed lower AR promoter activity than untreated cells. The values, expressed as luciferase/β-gal arbitrary units, were 0.506±0.12 and 0.46±0.067 in 9.7 and 9.12 untreated cells, respectively, vs. 0.294±0.045 and 0.297± 0.07 in 9.7 and 9.12 Cl-IB-MECA-treated cells, respectively. Data are reported as mean±SD of three independent experiments in duplicate; *p<0.05 and **p<0.01. b The Cl-IB-MECA treatment of AR-pGL2-CΔCRE transfected cells caused no changes in AR promoter activity. c Western blot analysis of AR in cells treated with 100 nM Cl-IB-MECA for 24 h. Protein levels are 0.775±0.03 and 0.606±0.08 in untreated 9.7 and 9.12 cells, respectively, vs. 0.501±0.009 and 0.446±0.01 in Cl-IB-MECA-treated 9.7 and 9.12 cells, respectively; **p<0.01 and *p<0.05. Bars represent the mean±SD of AR/β-actin band intensity ratio, calculated by a densitometer in three independent experiments CREB are part of the same superfamily [28] . The core "TGAC" sequence recognized by Jun/ATF2 heterodimer is, in fact, identical in AP1 and CREB consensus sites [30] ; it is present in AR-pGL2C and AR-pGL2C-ΔCRE but not in the AR-pGL2C-mut construct. This observation suggests a new mechanism for the altered activities of c-Jun and ATF2 in the renal cystic tissue of ADPKD patients [31, 32] . Fig. 4 The enhanced promoter activity of AR in ADPKD cystic cells is associated with increased AP1 activation. a AP1 activity measured as luciferase/β-gal counts using a 7× AP1 consensus plasmid in 9.7 and 9.12 cystic and normal 4/5 cells. The mean of values ±SD of three independent experiments in duplicate was 0.19±0.031 in 4/5 cells vs. 1.23±0.48 and 1.89±0.58 in 9.7 and 9.12 cells, respectively; ***p< 0.001. b Treatment of the cells with 20 μM curcumin. Values from three independent experiments were calculated as the ratio between treated and untreated cells (1.25±0.55 in 4/5 cells vs. 0.17±0.029 and 0.37±0.21 in 9.7 and 9.12 cells, respectively; *p<0.05). c The mutation of CRE/AP1 like element reduced the activity of AR promoter, as compared with CRE deleted site in cystic cells. Inset: Nucleotide positions of CRE in the AR promoter, the AP1 core (bold letters) in AR-pGL2C-ΔCRE (ΔCRE) and the substituted bases (boxed) in ARpGL2C-mut (CRE-mut) plasmids are indicated. Values were calculated as fold increase in the ratio between cystic versus control cells (9.89± 3.2 in 9.7 and 9.72±4.1 in 9.12 cells, respectively, transfected with AR-pGL2-C-ΔCRE vs. 3.19±2.88 in 9.7 and 2.38±2.45 in 9.12 cells, respectively, transfected with AR-pGL2C-mutated plasmid; *p<0.05). Data are expressed as mean±SD of four independent experiments in duplicate. d Chip analysis in AR-pGL2-C, AR-pGL2-C-ΔCRE, and AR-pGL2-C-mut transfected 4/5, 9.7, and 9.12 cells. Input was the positive control obtained by PCR amplification of total lysates from cells transfected with different plasmids. 'Anti c-jun' and 'irrelevant' represent PCR amplification of lysates immunoprecipitated with antiJun and anti-calnexin antibodies, respectively. 'NC' is the negative control. The wild-type and mutated CRE sequence in the different constructs are illustrated in the inset, and the AP1 core sequence is in bold. The arrows indicate the F and R primer position located up-and downstream of the AR promoter in the pGL2C vector As previously reported, the AR peptide may function in an autocrine-paracrine manner by EGFR activation, thereby driving cell proliferation in ADPKD cysts and malignant cells [23, 27] . We found that phosphorylated levels of EGFR, which are increased in cystic cells, are blunted by AR gene silencing and treatment with anti-AR antibodies, thereby providing evidence for a role of AR in EGFR activation. Consistently, either treatment with anti-AR antibodies or depletion of the AR gene induces a decrease in cell proliferation of primary and transformed cystic cells. In addition, the treatment with anti-AR antibodies caused a reduction of cell proliferation also in both Pkd1
(−/−) null and Pkd1
(+/−) heterozygous mouse cells. Similar results observed in Pkd1 homozygous and heterozygous knockout cells are likely due to PKD1 haploinsufficiency of Pkd1 (+/−) cells. In fact, it is known that polycystin-1 deficiency in human cell lines was associated with increased sensitivity to IGF-1 as well as a permissive effect of cAMP on cell growth [33] . We have previously reported that a reduction in cAMP levels, and possibly in CREB activity, by Cl-IB-MECA induces a decrease in cystic cell proliferation [4] . Interestingly, inhibition of AP1 by curcumin also induces a reduction in the growth of cystic cells. Notably, curcumin treatment has been already reported to improve renal histology and reduce the proliferation index in ADPKD mice [34, 35] . Therefore, a similar inhibition of either AR expression or function could be important to the pharmacological control of cystic cell proliferation.
Upregulation of AR expression in ADPKD cells is associated with the loss of PC1 function. Indeed, PC1 protein is shown to control AR expression in kidney Fig. 6 The increased EGFR activation in ADPKD cystic cells is ARdependent. a EGFR protein phosphorylation was analyzed by Western blot, using antibodies for total and phosphorylated forms of EGFR. The ratio between phosphorylated and unphosphorylated form of the receptor was 0.42±0.27 in 4/5 cells vs. 2.5±1.09 and 1.95±0.47 in 9.7 and 9.12 cells, respectively; *p<0.05; **p<0.01. b Cells, transfected with scramble oligonucleotides or specific anti-AR siRNAs for 48 h, were analyzed for AR protein content. The values of the ratio AR/β-actin were 0.55±0.08 in 4/5-vs. 1.15±0.20 and 0.922±0.05 in 9.7 and 9.12-scramble transfected cells; **p<0.01. The ratio AR/β-actin was 1.15±0.20 and 0.922±0.05 in 9.7 and 9.12 scramble transfected cells, respectively, vs. 0.66±0.21 and 0.38±0.09 in 9.7 and 9.12 AR-siRNA transfected cells, respectively;°p<0.05,°°°p<0.001. c. EGFR phosphorylation in AR silenced cells. The values, obtained as the ratio between AR siRNA-treated/untreated cells, were 1.003±0.08 in 4/5 control cells vs. 0.679±0.01 and 0.47±0.24 in 9.7 and 9.12 cystic cells, respectively; *p<0.05, **p<0.01. d EGFR activity was quantified after cell treatment with unrelated or anti-AR antibodies (2 μg/mL) for 24 h. In cystic cells treated with unrelated antibodies ratios between phosphorylated and unphosphorylated form of the receptor were higher than in control cells (1.56±0.32 in 9.7 and 2.25±0.35 in 9.12 cystic cells vs. 0.37±0.028 in 4/5 control cells; **p<0.05; ***p<0.001). The treatment with anti-AR antibodies caused a reduction of EGFR activity in cystic cells but not in control cells. Phosphorylated to unphosphorylated ratios were 0.50±0.14 in 4/5, 0.75±0.21 in 9.7, and 0.65±0.28 in 9.12 anti-AR-treated cells;°p<0.05,°°p<0.01 vs. unrelated antibodies treated 9.7 and 9.12 cells, respectively. Values are expressed as mean± SD of three different experiments cells as exogenous expression of wild-type PC1 reduces AR promoter activity and protein levels in cystic cells. Consistently, the expression of functional exogenous PC1 reduces cell proliferation to a greater extent in cystic than in normal cells, thereby emphasizing, as reported by others [36] , the role of PC1 in the control of proliferation in kidney cells.
As a whole, these findings suggest that loss of PC1 expression causes upregulation of the AR gene via CREB and AP1 signalling, ultimately leading to abnormal cell proliferation (Fig. 8) Fig. 7 AR downregulation reduces the proliferation of ADPKD cystic cells. a Cells were treated with 200 μg/mL of cetuximab for 24 h and directly counted in a Burker chamber. Values calculated as percentage ratio between treated versus untreated cells were 88±12% in 4/5 cells vs. 70±5% in 9.7 and 9.12 cystic cells; *p<0.05. b Cell medium alone or mixed with 2 μg/mL of anti-AR and irrelevant (anti-NFAT) antibodies was added to the cells for 24 h. Cell counts were 274,000± 28,000 and 277,000±30,000 in untreated vs. 159000±60000 and 180,000±47,000 in 9.7 and 9.12 cells treated with anti-AR, respectively; ***p<0.001. No significant variations were observed in 4/5 cells. c Two different ADPKD primary cystic cells cultured in medium with 1% FBS grew more than primary normal kidney cells (*p<0.05). Treatment with anti-AR antibody reduced the proliferation of cystic cells (57,000±13,000 and 112,000±59,000 in untreated vs. 27,000± 10,000 and 40,000±11,000 in anti-AR treated cystic cells, respectively;°°p<0.01). d Anti-AR antibody reduced cell proliferation in mouse pkd1-KO homozygous and heterozygous kidney cells (292,000± 17,000 and 430,000±39,000 in untreated heterozygous and homozygous pkd1-KO cells, respectively, vs. 194,000±26,000 and 360,000± 39,000 in those treated with anti-AR, respectively; ***p<0.001 and **p<0.01). e Cell cycle analysis showed in human cystic cells treated with anti-AR polyclonal antibody, an increase in G1 phase (p<0.001 in both 9.7 and 9.12) and a decrease in both S (p<0.01 and p<0.001 in 9.7 and 9.12, respectively) and G2+M phases (p<0.001 in both 9.7 and 9.12), compared with untreated cells. Similar results were observed in anti-AR treated mouse kidney Pkd1-KO heterozygous and homozygous cells, as compared with untreated cells. For G1 phase, p<0.001 in both heterozygous and homozygous treated vs. untreated cells. For S phase, p<0.01 and p<0.001 in heterozygous and homozygous treated vs. untreated cells, respectively. For G2+M phase, p<0.001 in both heterozygous and homozygous treated vs. untreated cells. Data represent the mean±SD of three independent experiments in duplicate. f 3 Hthymidine incorporation after 24 h of culture was lower in 9.7 and 9.12 anti-AR antibody treated than in untreated cystic cells (987±101 and 951±60 cpm in 9.7 and 9.12 anti-AR treated cells vs. 1,572±339 cpm and 1,260±155 cpm in 9.7 and 9.12 untreated cells). Data shown are the mean±SD of two independent experiments in triplicate (**p< 0.01). g Anti-AR treatment did not change apoptosis because Caspase 3 activity is not modified by the antibody in normal (4/5) and cystic (9.7 and 9.12) cells. h AR silencing and proliferation of 9.7 and 9.12 cystic cells. Proliferation values were expressed as percentage of ARsilenced with respect to non-silenced cells (110±19% in 4/5 control cells vs. 79±10% and 83±4.9% in 9.7 and 9.12 cells, respectively; ***p<0.001). i Cell growth after 24 h treatment with the AP1 inhibitor curcumin (20 μM). Cells were 124,000±17,000 and 130,000±8,000 in 9.7 and 9.12 untreated cells, respectively, vs. 63,000±13,000 and 81,000±6,000 in 9.7 and 9.12 curcumin-treated cells, respectively; **p<0.01 and ***p<0.001. j Expression of wild-type PC1 decreased cell growth in cystic cells. Cells (see legend of Fig. 5 ) were transfected with empty vector or full-length mouse Pkd1 cDNA and cultured for a further 24 h in medium with 0.4% BSA. Cell number, calculated as percentage of Pkd1 cDNA-transfected with respect to untransfected cells, was 87±8.5% in 4/5 cells versus 78±5.6% and 78.5±7.5% in 9.7 and 9.12 cells, respectively; **p<0.01 and *p<0.05. Data represent the mean± SD of at least three independent experiments in triplicate. Detailed methods are described in Electronic supplementary material 
